1. Introduction {#sec0005}
===============

Traumatic spinal cord injury (SCI) is a common cause of paralysis in civilian and military environments. In addition to primary deficits in motor and sensory functions, other catastrophic consequences are also common in SCI, including emotional and psychological distress [@bib0005], [@bib0010]. SCI can also result in the development of either diffuse of bilateral chronic, hyperpathic pain originating below the denervated spinal segment [@bib0015], [@bib0020], [@bib0025]. Pain following SCI is categorized according to the region of hypersensitivity with respect to the level of denervation: above-level (forelimbs), at-level (girdling), or below-level (hind limbs) [@bib0030], [@bib0035]. Chronic SCI-pain occurs immediately and increases in intensity over a long period of time following the initial injury [@bib0025], [@bib0040], [@bib0045]. Chronic SCI-pain, as a persistent stressor, is correlated with biochemical, physiological, and psychological changes, and has been associated with the development of multiple neuropsychiatric disorders [@bib0050]. Patients with chronic SCI-pain are particularly susceptible to depression and anxiety. This combination of neuropathic pain and neuropsychiatric illness is the most frequently recorded reason for reduced quality of life in patients with SCI [@bib0010], [@bib0055], [@bib0060].

In the central nervous system (CNS), neurons and glial cells reciprocally maintain spinal neurofunction and neuroarchitecture, along with physiological homeostasis. Activated glial cells are associated with spinal circuit dysfunction as well as maladaptive neurophysiological and neuroanatomical construction in synaptic circuits, which eventually induces abnormal sensory transmission [@bib0065], [@bib0070]. After SCI, microglia and astrocytes are activated at the lesion site, resulting in the induction and maintenance of dorsal horn neuronal hyperexcitability, which may last from several hours to a month [@bib0075], [@bib0080]. There is a dramatic transformation in the status of microglial cells, from a normally resting (but sensing) state to an activated (reactive or alerted) state in the lumbar spinal cord in response to SCI-induced pain [@bib0085], [@bib0090]. Moreover, activation of gliocytes leads to persistent up-regulation of intracellular signaling kinases in neurons, resulting in the maintenance of neuronal hyperexcitability in the CNS [@bib0095], [@bib0100].

Following SCI, patients often experience long-term disability, as well as emotional and cognitive deficits [@bib0105], [@bib0110]. Among the proteins that may be responsible for these deficits is brain-derived neurotrophic factor (BDNF), which exerts well-established neuroprotective functions, plays an important role in neuroplasticity, and is involved in the regulation of a wide range of psychopathologies such as emotional distress, depression, and post-traumatic stress disorder, which frequently occur following SCI [@bib0115], [@bib0120], [@bib0125]. SCI results in a variety of pathophysiological alterations, such as hyperactivity of the hypothalamic--pituitary--adrenal (HPA) axis, selective reduction of cerebral biosynthesis and down-regulation of BDNF, and expression of cyclic AMP-responsive element binding protein (CREB) in the hippocampus of lesioned animals, which ultimately results in depressive-like behaviors [@bib0110], [@bib0130].

Translocator protein (18 kDa) (TSPO), which has five transmembrane domain proteins, is primarily localized in the outer mitochondrial membrane [@bib0135], [@bib0140] and mainly expressed in steroid-synthesizing tissues such as reactive microglia and astrocytes [@bib0145], [@bib0150], [@bib0155], [@bib0160], [@bib0165], [@bib0170]. TSPO is involved in the transport of cholesterol from the outer to inner mitochondrial membrane, which is the rate-limiting step in neurosteroid synthesis [@bib0175]. Additionally, TSPO also plays an important role in mitochondrial proliferation and membrane biogenesis during the proliferation and repair of neural cells after injury. Upregulated expression of TSPO has been observed in many neurological and neurodegenerative disorders, such as Alzheimer's disease, multiple sclerosis, Huntington's disease, amyotrophic lateral sclerosis, and Parkinson's disease [@bib0180]. ZBD-2 (N-benzyl-Nethyl-2-(7,8-dihydro-7-benzyl-8-oxo-2-phenyl-9H-purin-9-yl) acetamide) is a novel TSPO ligand synthesized by our Pharmacologic Lab (Chinese patent number 201210047188.6). The structure of ZBD-2 is analogous to XBD173, which has been reported to exert anxiolytic and antidepressant effects in animal models. Compared to the affinity of 3H-PK11195 for TSPO, the classic TSPO ligand [@bib0185], (Ki = 0.657 nM), ZBD-2 displays high affinity for TSPO in the nanomolar range (Ki = 0.463 nM) in rat brain mitochondria [@bib0190].

Given the aforementioned evidence of the role of translocator proteins in repairing neural cells and reducing anxiety and depression, we examined the effects of the novel translocator protein (TSPO) ligand ZBD-2 on SCI-pain and pain-induced depressive-like behaviors. Specifically, we aimed to investigate the underlying mechanisms of ZBD-2 in chronic SCI-pain and depressive-like behaviors by further clarifying the pathobiology of SCI-pain, identifying molecular mechanisms and signaling pathways underlying the associated gliopathy, and examining the impact of SCI on the expression of BDNF and CREB in the hippocampus. Investigation of the effects of ZBD-2 may aid in the development of novel therapeutic targets for the reduction of SCI-pain and consequent depressive-like behaviors.

2. Materials and methods {#sec0010}
========================

2.1. Materials {#sec0015}
--------------

All chemicals and reagents utilized in the present study were obtained from Sigma (St. Louis, MO, USA), unless otherwise noted. ZBD-2 was synthesized at our Pharmacologic Lab with a purity of 99.9% and dissolved in saline (0.9% NaCl). ZBD-2 was intragastrically administrated (2 or 4 mg/kg) after SCI. Goat anti-IB-1 antibody was purchased from Santa Cruz Biotech (Santa Cruz, CA, USA). Rabbit anti-BDNF antibody was purchased from Abcam (Cambridge, UK). All chemicals utilized were commercially available and characterized by standard biochemical quality.

2.2. Animals {#sec0020}
------------

Adult male C57BL/6 mice (20--25 g) were purchased from the Laboratory Animal Center of the Fourth Military Medical University (FMMU). The animals were randomly divided into four groups: (1) Sham/Vehicle group (n = 8); (2) SCI/Vehicle (n = 8); (3) SCI + 2 mg/kg ZBD-2 group (n = 8); (4) SCI + 4 mg/kg ZBD-2 group (n = 8). Mice were housed with a light-dark cycle (lights on at 7:00 AM) at room temperature (24 ± 2 °C), with humidity between 50% and 60%, and allowed free access to food and water. Animals were allowed to accommodate to laboratory conditions for a week before the experimental procedure began. The Animal Ethics Committee of the Fourth Military Medical University approved all experiments. To induce SCI-pain, a laminectomy were performed at T8--T10 to expose a circle of dura, following which the spinal cord was moderately compressed for 15 s under anesthesia [@bib0195], [@bib0200]. A sham surgery was also executed using the same procedures but without the spinal contusion injury. After SCI, the animals received either the vehicle or ZBD-2 (2 or 4 mg/kg) via oral administration once a day for 2 weeks. Behavioral tests were conducted according to the following procedures.

2.3. Behavioral assessment {#sec0025}
--------------------------

### 2.3.1. Basso mouse scale (BMS) {#sec0030}

To confirm lesion severity, all animals were assessed for hind limb locomotion function in an open field (OF) preoperatively and weekly after SCI using the BMS. Hind limb function scores ranged from 0 (no ankle movement) to 9 (complete functional recovery). The scores for left and right hind paws were averaged to obtain a single value per mouse, which represents the overall mobility for that mouse. All behavioral assessments were conducted by a blinded experimenter [@bib0205], [@bib0210].

### 2.3.2. Inclined plane test {#sec0035}

Neurological deficits were also estimated according to maintenance of position on an inclined plane, both preoperatively and at least weekly after injury, as previously described [@bib0215], [@bib0220]. The mice were placed horizontally on a smooth tilted board (60 cm × 80 cm) with an adjustable angle of 0--90°. The angle was then gradually elevated to the vertical position from a preliminary angle of 30°, at a speed of 2.5°/s, until the mouse could no longer remain and hold its position for 5 s without sliding. The last angle at which the mouse was able to maintain its position for 5 s was recorded.

### 2.3.3. Mechanical allodynia {#sec0040}

Mice were placed in individual plastic boxes for at least 7 days prior to the daily threshold experiments, in order to habituate them to the environment. To assess the degree of tactile sensory changes after operation, the plantar surface of the hind paw was stimulated with a set of von Frey filaments using the up-down paradigm [@bib0225]. To ensure that all mice could withdraw their hind paw from unpleasant stimuli, postoperative assessment was not initiated until hind limb weight support recovered from SCI, according to BMS scores. Each von Frey hair (VFH) was applied six times (approximately 30 s apart) in ascending order [@bib0195].

### 2.3.4. Thermal hyperalgesia {#sec0045}

Thermal hyperalgesia was measured with a plantar analgesia instrument (BME410A, Institute of Biological Medicine, Academy of Medical Science, China). Postoperative assessment was not initiated until hind limb weight support recovered from SCI, according to BMS scores. Thermal hyperalgesia was assessed by measuring paw withdrawal latency (PWL), defined as the time from onset of radiant heat application to withdrawal of the mouse's hind paw, as previously described [@bib0225].

Three of the most widely used models to examine SCI-induced depressive-like behaviors in mice are the forced swim test (FST), tail suspension test (TST), and open field test (OF). These tests were performed during week 5, as previously described [@bib0230], [@bib0235], [@bib0240].

### 2.3.5. Forced swimming test (FST) {#sec0050}

Mice were individually placed into five separate glass beakers (30 cm height × 18 cm diameter) filled with 40 cm of water at 23 ± 2 °C for 15 min. Twenty-four hours later, mice were subjected to a 5-min forced swim to measure the duration of immobility. A mouse was judged to be immobile when it ceased struggling (i.e., no upward-directed movements of the forepaws) and motionless when it would passively float, with only slight movements to keep the head above the water.

### 2.3.6. Tail suspension test (TST) {#sec0055}

Each mouse was individually suspended at a height of 50 cm with adhesive tape placed approximately 2 cm from the tip of its tail. The duration of immobility was measured throughout a 5-min test. Immobility was defined as a state with passive hanging and complete lack of motion.

### 2.3.7. Open field test (OF) {#sec0060}

The OF test was conducted in a square arena (30 cm × 30 cm × 30 cm) with clear Plexiglass walls and a white floor (JL Behv-LAM-Shanghai jiliang software, China). Mice were placed in the center of the arena for 15 min, and their exploration track was recorded using a camera fixed above the floor. The data was analyzed using a video-tracking system.

2.4. Serum corticosterone level {#sec0065}
-------------------------------

Blood samples were collected immediately following the sacrifice of each mouse and centrifuged at 12,000 rpm at 4 °C for 15 min. The supernatant was then collected for enzyme-linked immunosorbent assay (ELISA). Serum was stored at −80 °C until assayed for corticosterone. The serum corticosterone level was measured using an Assay Max Corticosterone ELISA kit (R&D Systems Inc., Minneapolis, MN, USA) according to the manufacturer\'s instructions and as previously described [@bib0240].

2.5. Hemotoxylin and eosin (HE) staining and immunohistochemistry {#sec0070}
-----------------------------------------------------------------

HE staining was performed as previously described [@bib0245]. The spinal cord tissues (T5--L1 vertebrae) and tissue samples from the amygdala dissected from brain slices under an anatomical microscope 2 weeks after SCI were infused with 4% paraformaldehyde solution with 0.1 M PBS (pH = 7.4) for 24 h at room temperature. Transverse tissue sections (5-μm thickness) were obtained and subsequently stained with HE. The extent of lesioning was determined by the volume of cavitation at the epicenter of the injury recorded by a microscope (Olympus BX61, Japan). The volume of unstained areas, defined as a cavitation, was calculated using image analysis software (Adobe Photoshop, version CS3 for Windows, San Jose, CA, USA).

Immunohistochemistry was performed on spinal cord sections transverse to the injury epicenter. Standard frozen immunocytochemistry sections (15-μm thick) were created, as previously described [@bib0250]. Rabbit anti-Iba-1 (1:1000; Wako Chemicals, Richmond, VA, USA) was used as the primary antibody. To eliminate endogenous peroxidase activity, each section was incubated in 3% hydrogen peroxide (H~2~O~2~), followed by incubation in 0.15% Triton X-100 at room temperature, and blocked with 1% goat serum albumin in Phosphate-buffered Saline with Tween^®^ 20 (PBST) for 1 h. The sections were incubated at 4 °C for 24 h with rabbit anti-Iba-1 (1:1000; Wako Chemicals, Richmond, VA, USA). The sections were infused with horseradish peroxidase-conjugated secondary antibodies for 2 h at 37 °C and halted with 3,3-diaminobenzidine (DAB). The results were photographed by a microscope (Olympus BX61, Japan). The intensity of IB-1 immunoreactivity was determined using image analysis software (Image J, National Institute of Health, Bethesda, MD, USA).

2.6. Western blot analysis {#sec0075}
--------------------------

Western blot analysis was performed as previously described [@bib0245]. The tissue samples from the T5--L1 vertebrae and the hippocampus were collected on day 35 after SCI under an anatomical microscope and then sonicated. Aliquots of 25 μg of protein were prepared for western blot analysis using the following primary antibodies: TSPO (dilution ratio 1:2000), Ib-1 (dilution ratio 1:1000), glial fibrillary acidic protein (GFAP; dilution ratio 1:1000), BDNF (dilution ratio 1:2000), Phospho-CREB (dilution ratio 1:1000), and CREB (dilution ratio 1:1000), with β-actin (dilution ratio 1:10000) as the loading control. Immune complexes were detected with appropriate secondary antibodies and chemiluminescence reagents (Pierce, Rockford, IL, USA). The densitometric analysis of the western blot was performed by ChemiDoc XRS (Bio-Rad, Hercules, CA, USA) and determined using Quantity One version 4.1.0 (Bio-Rad, Hercules, CA, USA), according to the instructions provided. For data quantification, the band intensity of each blot was calculated as a ratio relative to β-actin. The band intensity ratio of the control group was set at 100%, and the intensity of the other treatment groups was expressed as a percentage relative to that of the control group.

2.7. Data analysis {#sec0080}
------------------

Results are presented as mean ± standard error of the mean (SEM). Statistical comparisons between two groups were performed using unpaired Student's *t*-tests (SPSS version 13.0, SPSS Inc., Chicago, IL, USA). One-way analysis of variance (ANOVA) was used to compare multiple groups. Data that passed the homogeneity test were analyzed using the one-way ANOVA least significant difference (LSD) test. Data that did not pass the homogeneity test were analyzed using the one-way ANOVA Dunnett's T3 test. In all cases, p \< 0.05 was regarded as statistically significant.

3. Results {#sec0085}
==========

3.1. ZBD-2 improves recovery of function after SCI {#sec0090}
--------------------------------------------------

We used the BMS score, as well as the angle on the inclined plane test, to evaluate the effect of ZBD-2 on functional motor recovery ([Fig. 1](#fig0005){ref-type="fig"}A and B). During the early post-operative period, both the BMS score and the angle on the inclined plane test were significantly decreased, indicating that hind limb locomotion was dramatically impaired. Administration of ZBD-2 (2 and 4 mg/kg) for two weeks significantly improved both BMS score and inclined-plane angle in a dose-dependent and time-dependent manner.

3.2. Antidepressant effect of ZBD-2 in mice with SCI-induced chronic pain {#sec0095}
-------------------------------------------------------------------------

SCI-pain induced depressive-like behaviors were detected using the FST, TST, and OF test on day 35 when there was a high level of motor recovery. The time in the central area and the total distance traveled in the OF tests were significantly decreased after SCI ([Fig. 2](#fig0010){ref-type="fig"}A--C). Additionally, SCI resulted in significant increases in immobility times in both the FST and the TST ([Fig. 2](#fig0010){ref-type="fig"}D and E). Administration of ZBD-2 (2 and 4 mg/kg) for two weeks reversed the time in the central area and the total distance in the OF tests, as well as the immobility times in the FST and TST in a dose-dependent manner when compared to the SCI/Vehicle group.

3.3. ZBD-2 reduces serum corticosterone level in SCI-induced depressant mice {#sec0100}
----------------------------------------------------------------------------

We measured the serum level of corticosterone to determine whether the feedback mechanism of the HPA axis was impaired following SCI. Compared to the Sham/Vehicle group, the SCI/Vehicle group had a significantly increased level of serum corticosterone ([Fig. 3](#fig0015){ref-type="fig"}). However, administration of ZBD-2 (2 and 4 mg/kg) for two weeks significantly suppressed the SCI-induced elevation of corticosterone and improved depressive-like behaviors in SCI-mice.

3.4. Effect of ZBD-2 on mechanical and heat hyperalgesia {#sec0105}
--------------------------------------------------------

We additionally considered whether the antidepressant-like effect of ZBD-2 is caused by analgesic activity in animals with chronic SCI-induced pain. Therefore, we evaluated mechanical and heat hyperalgesia in mice at least two weeks after the operation, as SCI-induced pain develops after a latent period in both humans and rodents [@bib0090], [@bib0255]. Compared to the Sham/Vehicle group, there was a significant decrease in the withdrawal threshold and latency of the right hind limb after SCI ([Fig. 4](#fig0020){ref-type="fig"}A and B). However, we observed that antidepressant doses of ZBD-2 (2 and 4 mg/kg) markedly reduced mechanical allodynia ([Fig. 4](#fig0020){ref-type="fig"}A) and thermal hyperalgesia ([Fig. 4](#fig0020){ref-type="fig"}B) .

3.5. ZBD-2 decreased morphological lesions on the spinal cord after SCI {#sec0110}
-----------------------------------------------------------------------

We employed HE staining to assess the morphology of the injury epicenter 35 days after SCI. The volume of the spinal lesions in SCI mice was evaluated by the area of cavitation formation and analyzed using stereological techniques. The SCI/Vehicle group exhibited a larger volume of cavitation and lesion size induced by SCI ([Fig. 5](#fig0025){ref-type="fig"}A and B). There was also a significant reduction in lesion size and greater preservation of the cavitation formation in SCI mice treated with ZBD-2 (2 and 4 mg/kg) than in vehicle-treated animals ([Fig. 5](#fig0025){ref-type="fig"}B). This reduction occurred in both white and gray matter, suggesting an overall decrease in cavitation formation and tissue loss. This morphological result was consistent with the neurological outcome evaluated by the BMS and the angle of the inclined plane test ([Fig. 1](#fig0005){ref-type="fig"}A and B).

3.6. ZBD-2 suppressed gliocyte activation in the lumbar dorsal horn following SCI {#sec0115}
---------------------------------------------------------------------------------

Gliocyte activation plays an important role in the development and maintenance phases of chronic SCI-induced pain. To determine whether the observed attenuation of hyperexcitability in ZBD-2-treated mice is related to the suppressed activation of spinal gliocytes, we stained spinal cord lumbar sections for Iba-1 5 weeks following SCI and subsequently quantified the number of activated microglia within the dorsal horn ([Fig. 6](#fig0030){ref-type="fig"}A and B). We observed that Iba-1 positive reactive microglia were hardly observed in Sham/Vehicle tissue ([Fig. 6](#fig0030){ref-type="fig"}A), though Iba-1^+^ cells were obviously increased in the SCI/Vehicle group ([Fig. 6](#fig0030){ref-type="fig"}B). Administration of ZBD-2 (2 and 4 mg/kg) for two weeks significantly reduced the number of positively-stained cells ([Fig. 6](#fig0030){ref-type="fig"}A).

3.7. Effects of ZBD-2 on protein expression in the spinal cord and hippocampus {#sec0120}
------------------------------------------------------------------------------

Upregulated expression of TSPO has been confirmed in many neurological disorders and is generally regarded as a biomarker of neural damage [@bib0170]. In the present study, the level of TSPO in the spinal cord was increased in response to SCI, and treatment with ZBD-2 (2 and 4 mg/kg) for two weeks markedly decreased the upregulation of TSPO ([Fig. 7](#fig0035){ref-type="fig"}A and B). This result indicates that TSPO upregulation in the spinal cord is associated with SCI-induced pain. Chronic activation of microglia and astrocytes plays an important role in the induction and maintenance of SCI-induced pain from a few hours up to a month post-injury. There was an obvious upregulation of Iba-1 and GFAP in the spinal cord after SCI, though treatment with ZBD-2 (either 2 or 4 mg/kg) for two weeks caused an obvious decrease in the upregulation of TPSO in SCI mice ([Fig. 7](#fig0035){ref-type="fig"}A, C, and D). ZBD-2-treated mice exhibited restored levels of BDNF and phospho-CREB in the hippocampus compared to the SCI/Vehicle group ([Fig. 7](#fig0035){ref-type="fig"}E--G); however, no significant differences were observed in the expression of CREB ([Fig. 7](#fig0035){ref-type="fig"}E and H).

4. Discussion {#sec0125}
=============

In the present study, we revealed that administration of ZBD-2 (2 or 4 mg/kg, intragastric) for two weeks significantly attenuated the symptoms of chronic SCI-pain and pain-induced depressive-like behaviors in mice. First, in our SCI mouse model, ZBD-2 significantly improved recovery of motor function in a dose-dependent and time-dependent manner. Activation of TPSO with ZBD-2 had an obvious antidepressant effect in SCI mice via alteration of the nociceptive threshold, as well as the restoration of serum corticosterone levels. We further observed that ZBD-2 reduced cavitation formation and attenuated damage to the gray matter. Moreover, ZBD-2 significantly reversed chronic activation of microglia and astrocytes, as evidenced by a reduction in the number of Iba-1 positive reactive microglia and the downregulation of Iba-1 and GFAP expression in the spinal cord. Finally, ZBD-2 restored the downregulation of BDNF and phospho-CREB in the hippocampus and effectively alleviated depressive-like symptoms in SCI mice.

SCI is a devastating event that leads to motor dysfunction below the level of the lesion and to the development of chronic pain syndromes within months of the initial injury. Post-SCI-pain can produce drastic impairments in daily routines, greatly impacting quality of life and frequently leading to depression and suicidal ideation [@bib0095]. Previous research has revealed that binding to the cholesterol-binding domain of TSPO may rescue motor neurons from axotomy-induced death and improve nerve regeneration and functional recovery [@bib0260]. In the healthy nervous system, TSPO is expressed at low levels in steroid-synthesizing tissues such as dorsal root ganglia sensory neurons, microglia, and reactive astrocytes in glia [@bib0165]. TSPO also plays an important role in mitochondrial proliferation and membrane biogenesis during proliferation and repair of neural cells after injury. Therefore, TSPO is highly expressed in the injured or diseased sites in both the central and peripheral nervous systems. Activation of TSPO in order to promote neurosteroid synthesis is beneficial for many neurological and neurodegenerative disorders, such as Alzheimer's disease, multiple sclerosis, Huntington's disease, amyotrophic lateral sclerosis, and Parkinson's disease [@bib0180]. Downregulation of TSPO by ZBD-2 may have therefore played a role in attenuating compensatory effects.

Gliocyte activation has been proposed as a critical mechanism for chronic and persistent SCI-pain and depressive-like behaviors [@bib0005]. Furthermore, gliocyte activation in the spinal cord following SCI has been correlated with lower nociceptive thresholds [@bib0265]. In the present study, we observed gliocyte activation in the lumbar spinal dorsal horn following SCI, although treatment with ZBD-2 markedly suppressed chronic post-traumatic gliocyte activation at lesion sites and limited the development of hyperesthesia after SCI. In addition, previous studies have indicated that the CREB-BDNF signaling system can be affected by chronic stress and is a potential target for antidepressant treatment [@bib0270]. In fact, BDNF may be a crucial factor in mediating neuronal survival, differentiation, function, and plasticity. The expression of BDNF mRNA can be modulated by signaling cascades converging into CREB [@bib0275]. Neurotrophins play a key role in plastic processes that regulate a broad range of psychopathologies, such as depression, emotional distress, and post-traumatic stress disorder, which frequently occur in patients with spinal lesions [@bib0280]. We observed that SCI selectively decreased BDNF expression in the hippocampus, resulting in the development of depressive-like symptoms, and that administration of ZBD-2 significantly ameliorated depressive-like symptoms by reversing the SCI-induced dysfunction of the BDNF-CREB signaling pathway in the hippocampus.

In conclusion, the present data provide underlyingevidence for the role of ZBD-2 in improving chronic SCI-pain and pain-induced depressive-like symptoms in SCI mice.However, from the current research, it is far from clear whether SCI-pain caused the depressive-like symptoms or they are interrelated and mutually promoted. What is more, The upregulation of TSPO by ZBD-2 is associated with SCI-induced pain, but also possibly related to variation itself in the lesion of spinal cord. Meanwhile, The issue of potential liver-related side effectsand differential dosing regimens should also be researched. The medium-term and long-term efficacy of TSPO ligands in distinct neuropsychiatric conditions are far more explicit. Since the effects of ZBD-2 on pain and other SCI consequences last longer than the treatment regimen, it would be important to follow up on long-lasting behavioral changes in these outcome measures for clinical relevance. Further more studies are required in order to confirm this finding. Nonetheless, the current study has important implications because these findings expand the clinical application of ZBD-2 in the therapy of slowing and preventing SCI-induced neuropathology and psychopathology.
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![ZBD-2 improves recovery of motor function after SCI. The BMS and inclined plane experiments were performed weekly following SCI ([Fig. 1](#fig0005){ref-type="fig"}A and B). Both the BMS score and angle were significantly decreased, and no differences were noted among the groups during the first week following SCI. Compared to the SCI/Vehicle group, administration of ZBD-2 (either 2 or 4 mg/kg) significantly improved both BMS scores and angles in a dose-dependent and time-dependent manner two weeks post-operation. n = 8 in each group, \*p \< 0.05, \*\*p \< 0.01 vs. Sham/Vehicle group; \#p \< 0.05, \#\#p \< 0.01 vs. SCI/Vehicle group.](gr1){#fig0005}

![ZBD-2 reduces depressive-like behaviors. The FST, TST, and OF test were performed on day 35 post-operation. Representative types of travel strategies in the OF test ([Fig. 2](#fig0010){ref-type="fig"}A). SCI mice traveled shorter distances and spent less time in the center area compared to Sham/Vehicle mice in the OF test. ZBD-2 (either 2 or 4 mg/kg) significantly reversed the reduction in distance and time compared to the SCI/Vehicle group ([Fig. 2](#fig0010){ref-type="fig"}B and C). In the FST and TST, Sham/Vehicle mice exhibited reduced immobility time when compared with SCI mice. Administration of ZBD-2 (either 2 or 4 mg/kg) significantly decreased the immobility time in a dose-dependent manner compared to the SCI/Vehicle group ([Fig. 2](#fig0010){ref-type="fig"}D and E). n = 8 in each group, \*p \< 0.05, \*\*p \< 0.01 vs. Sham/Vehicle group; \#p \< 0.05, \#\#p \< 0.01 vs. SCI/Vehicle group.](gr2){#fig0010}

![ZBD-2 reduces serum corticosterone level. The serum level of corticosterone was assessed on day 35 post-operation. SCI mice exhibited higher serum levels of corticosterone than Sham/Vehicle mice. Administration of ZBD-2 (either 2 or 4 mg/kg) significantly restored the serum level of corticosterone compared to the SCI/Vehicle group after SCI. n = 8 in each group, \*p \< 0.05, \*\*p \< 0.01 vs. Sham/Vehicle group; \#p \< 0.05, \#\#p \< 0.01 vs. SCI/Vehicle group.](gr3){#fig0015}

![Effects of ZBD-2 on pain perception. Mechanical allodynia was evaluated on days 14, 21, 28, and 35, while thermal hyperalgesia was assessed on the right lower limb on day 35 after SCI. SCI mice exhibited increased mechanical allodynia and thermal hyperalgesia when compared to Sham/Vehicle mice ([Fig. 4](#fig0020){ref-type="fig"}A and B). Administration of ZBD-2 (either 2 or 4 mg/kg) markedly improved the mechanical allodynia two weeks later ([Fig. 4](#fig0020){ref-type="fig"}A) and hyperalgesia on day 35 after SCI ([Fig. 4](#fig0020){ref-type="fig"}B). n = 8 in each group, \*p \< 0.05, \*\*p \< 0.01 vs. Sham/Vehicle group; \#p \< 0.05, \#\#p \< 0.01 vs. SCI/Vehicle group.](gr4){#fig0020}

![ZBD-2 decreased morphological lesions of the lumbar dorsal horn. HE staining was employed to assess the morphology of the injury epicenter of the spinal cord on day 35 after SCI ([Fig. 5](#fig0025){ref-type="fig"}A and B). SCI mice exhibited increased areas of cavitation formation when compared to Sham/Vehicle mice. Administration of ZBD-2 (either 2 or 4 mg/kg) significantly decreased the cavitation volume in a dose-dependent manner in SCI mice relative to SCI/Vehicle mice ([Fig. 5](#fig0025){ref-type="fig"}B). n = 8 in each group, \*p \< 0.05, \*\*p \< 0.01 vs. Sham/Vehicle group; \#p \< 0.05, \#\#p \< 0.01 vs. SCI/Vehicle group. Scale bars = 50 μm.](gr5){#fig0025}

![ZBD-2 administration alters expression of microglia immunoreactivity. Representative images of Iba-1 in the lumbar dorsal horn were obtained on day 35 after SCI ([Fig. 6](#fig0030){ref-type="fig"}A and B). Quantification of immunoreactivity for Iba-1 revealed significantly increased expression of Iba-1 positive reactive microglia in SCI mice compared to the Sham/Vehicle group. This change was remarkably suppressed by administration of ZBD-2 (either 2 or 4 mg/kg) ([Fig. 6](#fig0030){ref-type="fig"}B). n = 8 in each group, \*p \< 0.05, \*\*p \< 0.01 vs. Sham/Vehicle group; \#p \< 0.05, \#\#p \< 0.01 vs. SCI/Vehicle group. Scale bars = 40 μm.](gr6){#fig0030}

![Effects of ZBD-2 on protein expression in the spinal cord and hippocampus. Representative results of western blot analysis for TSPO, Iba-1, GFAP, BDNF, CREB, and phospho-CREB on day 35 after SCI ([Fig. 7](#fig0035){ref-type="fig"}A). SCI mice exhibited obvious upregulation of TSPO, Iba-1, and GFAP in the spinal cord ([Fig. 7](#fig0035){ref-type="fig"}B--D) and downregulation of BDNF and phospho-CREB in the hippocampus when compared to the Sham/Vehicle group ([Fig. 7](#fig0035){ref-type="fig"}E--G). Administration of ZBD-2 (either 2 or 4 mg/kg) for two weeks significantly decreased the upregulation of TSPO, Iba-1, and GFAP in SCI mice and reversed the downregulation of BDNF and phospho-CREB when compared to the SCI/Vehicle group. Levels of CREB in the hippocampus remained unaltered for any group ([Fig. 7](#fig0035){ref-type="fig"}H). n = 8 in each group, \*p \< 0.05, \*\*p \< 0.01 vs. Sham/Vehicle group; \#p \< 0.05, \#\#p \< 0.01 vs. SCI/Vehicle group.](gr7){#fig0035}
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